Photoelectron and electron energy loss spectroscopies have been highly instrumental in revealing the various facets of electronic properties of materials and their impact on the structural, magnetic and ferroelectric properties. For a direct insight into two-particle correlations, a technique is needed that resolves two emitted electrons in coincidence. We provide an overview on the experimental realization of correlation spectroscopy and the interpretation of the recorded spectra from theory. We focus on the relation of the measured spectra to the details of the spin-, energy-and wavevector-resolved electron-electron interactions. To disentangle the contributions of exchange from the charge-density correlation we employ positrons instead of electrons as projectiles. A key finding is an asymmetric energy sharing which is an immediate consequence of switching off exchange. Another facet of our work relates to the time scale of correlated electron dynamics without the need of atto second light sources. For this we utilized the short intrinsic time of the Auger decay and the neutralization of 2 H e  ions near a surface. We estimate a characteristic time scale for the correlated electron dynamics in metals of 40-400 as. Finally, we address the potential of performing double photoemission studies with a set-up comprising of pulsed laser based light source.
indeed measure the materials spectral function, as demonstrated by numerous experiments. [2] [3] [4] [5] [6] [7] In principle, this technique is very general but very thin films are needed since the experiment is performed in a transmission mode. Also very good energy and momentum resolution is desirable to resolve pertinent features in the spectral function which might be a challenge when operating with very high impact electron energy. These complications can be remedied by performing the experiments at somewhat lower energies and in the reflection mode. [8] [9] [10] [11] [12] [13] In this case, further processes set in however that can be exploited to gain qualitatively new information. At low energies the two released electrons cannot be considered independent anymore due to charge-and current-density interactions as well as due to exchange, meaning that the scattering process cannot not be captured by an effective single particle problem.
Two electron emission via single photon absorption
When mutual interactions set in, the two-electron spectra embody two-particle information that in general cannot be trivially related or deduced from single particle spectra, unless one chooses the electron energies and emission angles such that the electron-electron interaction is marginal and one focuses on a single process during which the incoming electron knocks out one further electron and the two electrons leave the sample without further scattering. Two electrons can also be released by a single photon (this process is called double photoelectron emission, DPE). [16, 17] Again, the photon imparts only energy to the system but virtually no momentum. Intrinsic scattering processes in the sample lead eventually to the release of two time-correlated electrons. [18, 19] An important caveat is that the light-matter interaction in the regime of interest is a single particle operator. Meaning, the photon can only be absorbed by one particle. [19] How the second particle is ejected then? Starting from the non-equilibrium Green's function theory one can set up a formal theory to answer this question [20, 21] in full generality. In essence, for weakly and moderately correlated materials one can identify the following mechanisms for DPE: DPE1: One electron in the state i i  k absorbs the photon with the frequency  and propagates with respectively higher energy. Upon scattering from the crystal, the initial wave vector i k is changed to 0 ' k by a multiple of the crystal momentum (we assume atomic units). Already at this stage the propagation may be diffusive due to electron-electron or electron-phonon scattering. These processes are widely discussed in single photoemission (SPE) spectroscopy which detects the photoelectron yield at the momentum 0 ' k . In DPE however, the (intermediate) electron with 0 ' k excites another electronic state via the dynamic, nonlocal electron-electron interaction W leading so to two vacuum state electrons with momenta 1 k and 2 k . Thus, in this scenario the photon acts effectively as an internal electron gun that generates electrons with an angular distribution which is roughly similar to the one known from SPE. How can we distill and what can we learn from this DPE mechanism? Imagine we calculate or measure the SPE angular distribution at the energy  so we know the distribution as a function of 0 ' k of the electronic state excited after photoabsorption. In DPE, we tune our detectors as to register one electron with almost 1 0 '  k k . The other electron has then a much lower momentum 2 k . In this case the two electrons can be considered distinguishable, meaning that the direct scattering between the two electrons is dominant. The momentum transfer during this scattering is 0 1 '   q k k is small (as chosen by the experimental setup). In this case one can study the electron-electron interaction W in momentum space as a function of q at the energy i i    k . Such a study is particularly interesting if i i    k happens to be near a plasmon resonance . [14, 15, 21] An experimental study confirming this picture and providing more mathematical foundations to it has been conducted recently. [21] DPE2: The same process as (DPE1) but the fast intermediate electron, before or after the scattering from the second electron, undergoes diffraction which can be observed in this photoelectron distribution. [22] The diffraction pattern is as known from SPE. DPE3: With increasing q and hence 2 (DPE2) the interaction between the two electrons becomes stronger as they approach each others in momentum space. Thus, in this case one accesses higher order electron-electron scattering events that contribute to W resulting in the formation (in momentum space) of the exchange and correlation hole in the recorded two-electron spectrum. [16, 17, [23] [24] [25] As for exchange effects, we note that the light matter interaction is not only a single particle operator but also is symmetric with respect to particle exchange. This means, a symmetric (antisymmetric) state is mapped onto symmetric (antisymmetric) state via this interaction. In absence of spin-orbit coupling the spin and orbital part of the wave function can be decoupled and the symmetry properties can be analysed by just exchanging the momenta of the electrons (when operating in momentum space). These statements are strictly valid when the two electrons are emitted directly from the Fermi level but are less accurate when other secondary electrons are involved, for instance when the two electrons suffer energy losses before being detected. DPE4: The same as in (DPE3) but accompanied with diffraction from the crystal. Regardless of which of the electrons undergoes diffraction, because of the non-negligible exchange scattering, one can only observe a pair diffraction, meaning a change of the two-electron sum momentum by a multiple of the reciprocal lattice vector. [22] DPE5: Interestingly, we can study the above mechanisms while allowing for a specific amount of energy and momentum dissipations to the sample and tuning such loss mechanism. This can be done by utilizing the energy and momentum balances. To do that we detect the two electrons at energies and momenta that violate these laws. This implies that the missing energy and momenta have been absorbed by the surrounding medium via multiple inleastic scattering events that gradually randomize the phase relation between the electrons and degrade the strength of the two-electron flux density. An example for the consequences of such dephasing and decoherence is the "filling" of the exchange and correlation hole while allowing more and more for dissipation channels. [25] In the event that the exchange and correlation hole is filled a formulation of DPE in terms of the electron-electron interaction W is less meaningful.
DPE6: There is also a possibility that two mutually interacting electrons (such as a Cooper pair) absorb a photon and emerge with a zero total momentum, i.e. with back-to-back equal momenta [26] if both are launched from the  point.
Two electron emission following charged-particle impact
As stated above the electron-electron coincidence detection after a fast electron impact allows under certain conditions to access the spectral function ( , ) A  k , similar as for SPE but with the advantage that non-vertical transitions are allowed. [2] [3] [4] [5] [6] Hence, in some situations the electron impact and SPE should be related, a case known under the name the "optical limit" (meaning that the charged particle impact acts in this limit as virtual photon). Note, the optical limit refers to single photoemission not to DPE. The charged particle impact that is related in the optical limit to DPE is the one where three particles are detected in the final channel. For example, one very fast incoming electron leaves the sample after losing part of its momentum that is large enough to eject two further low kinetic energy electrons (a process called (e,3e)).
[27] This process is indeed related to DPE in the optical limit. In fact the type of the charged particle is not relevant; it can be a positron or a proton (the cross section is in this case quadratic in the charge of the projectile. The projectile mass and kinetic energy enter the cross sections as scaling factors). From this perspective there is a clear difference between DPE and two-electron emission via particle impact (for electron impact, the process is usually referred to as (e,2e)), even though in both DPE and (e,2e) two electrons are released at the same time from the sample into the vacuum. A series of studies have been conducted to unveil the various mechanisms involved in (e,2e) and the physics underlying them (for instance Refs. [8] [9] [10] [11] [12] [28] [29] [30] [31] ) Prominant examples in the reflection mode (i.e., when all electrons are detected on one side of the film or surface) are the following: 1 e 2 e : The incoming electron is released from the electron gun with a momentum 0 k and energy 0 E and is elastically (specularly) reflected back from the ionic background acquiring the (except for some corrections due to refraction at the solid/vacuum interface). The detection in this geometry delivers thus information on the nature of W and in particular its directional dependence. Note, in this mechanism 1 2  k k applies independent of the particular directions or energies of 1 k and 2 k . These quantities can be scanned by simply varying the direction of the incoming electron momentum and/or 1 E and 2 E . If this scattering process is dominant one may use the energy and momentum conservation laws ( is the work function) 0
to map the electronic structure of the sample ( )
relies on more assumptions than its high energy transmission-mode counterpart [2] but it has two main advantages: Firstly, there is no need to fabricate very thin free-standing films (needed in transmission mode) and one can use the detection techniques for low-energy electrons. Secondly, a more fundamental advantage is the extreme surface sensitivity at appropriate electrons energy for two reasons: as two electrons have to leave the sample the escape depth is reduced significantly with respect to one single electron. Secondly, the incoming or the outgoing electrons can be tune to grazing angles enhancing so the scattering from the surface region. 2 e 2 e : A process absent in DPE is that the incoming electron may be affected already on its way to the surface by polarization and loss effects. A prominent example is the distortion of the incoming wave due to the image charge potential or plasmonic fields. The origin of these effects is mainly electronic and depends strongly on the detail of the electronic selfenergy of the sample. After scattering from the polarized surface charge the incoming electron may undergo further scattering event resulting eventually in the emission of two electrons. Experimentally, this process can be distinguished [32] via the selected energy and momenta of the electrons, because the electronic response of the sample depends decisively on the transferred energy  q and momenta q . For instance, if we are interested in the plasmonic excitation by the incoming electron before the two final state electrons are launched, we should tune appropriately 
An interesting caveat is that one may use spin-polarized electrons and explore spin-dependent collective electronic response. 3 e 2 e : The 2 e 2 e in its intial step is the same as in EELS (electron-energy loss spectroscopy) [33], for instance in both cases the incoming electron may excite a (multipolar) plasmon mode. At high momentum transfer q this mode merges with the particle-hole continuum. In EELS this decay leads usually to a particle-hole creation which is a neutral excitation. In (e,2e) (and this mechanism we call 3 e 2 e ) the non-neutral (ionizing) regime is entered and the ejected electron is detected in coincidence with the escaping projectile (EELS) electron. one cannot tell which electron is diffracted and indeed in the experiment one observes a diffraction with respect to the total momentum 1 2  k k . 5 e 2 e : Exchange effects play in (e,2e) a markedly different role than in DPE. [28, 30, 31 ] This is evident if we consider a spin polarized incoming electron from a magnetic or a spin-active sample. For an exchange-coupled magnetic surface with a weak spin-orbit coupling one finds under certain conditions that the measured two-electron signal is proportional to the product of the spin polarization vector of the incoming electron and the spin polarization of the sample at the energy ( i  ) and the wave-vector dependent ( 1 k ). Combined with the surface sensitivity of the (e,2e) technique this observation allows to map the depth-dependent spin structure of ultrathin magnetic films. Accepted Article than its high energy transmission Firstly, there
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A process absent in DPE is that the incoming electron may be affected already on its Accepted Article ss absent in DPE is that the incoming electron may be affected already on its way to the surface by polarization and loss effects. A prominent example is the distortion of the e 2 e is a signature of spin-orbit coupling which might may have different strengths at the various stages of the scattering process. [29, 30] Even in absence of spin-orbit coupling, exchange scattering is still operational producing in general a statistical mixture of singlet and triplet cross sections. Exchange scattering is in fact an exchange of energies and wave vectors of the two electrons which appears as an exchange of spin. From this observation follows that exchange scattering is generically large when 1 | | k and 2 | | k are comparable. In case where the whole experiment (including the sample with its intrinsic symmetry) is invariant under exchange of 1 k and 2 k , the triplet scattering amplitude vanishes. [34] In this situation the (e,2e) experiment produces singlet electrons only. For fixed 1 k and 2 k the orbital part of this state is also fixed. What can be done then is to measure the variation of the singlet cross section on the spin projections of each of the electrons and exploit the results to quantify the quantum entanglement. In this regard we note that the spin part of the singlet state can be viewed as a maximally entangled Bell state. The dependence of this entanglement on the orbital part can also be accessed by simply varying the impact energy and keeping the experimental setup such that the triplet scattering is zero.
[31] Tuning the experiment where triplet scattering vanishes, both the exchange and the direct scattering amplitudes contribute. To "switch off" experimentally exchange effects one can employ a positron instead of an electron as a projectile, as illustrated below. We recall in this context that only in the first-Born or plane-wave approximations the scattering cross section does not depend on the sign of the projectile charge, so using positron or electron as a projectile one finds the same cross section in these approximations.
In the above notes we only focused on the case where the vacuum states are launched from the valence band. One can however tune the energy of the incoming and the detected electrons such that i  corresponds to a core level in which case one enters the realm of resonant processes involving Auger decays. Some of the mechanisms outlined above are still operational. An example is given below.
Selected results
Having listed the dominant mechanisms for the simultaneous ejections of two electrons upon photon or charged particle impact we discuss below some important experimental details and prototypical results.
Experimental details
Experimentally, identifying uniquely the two electrons that were emitted at the same time from the sample after one single photon absorption or after the impact of one single charged particle is challenging and requires coincidence electronics. The fundamental obstacle is the very low cross section compared to single electron emission. For DPE, when recording electron pairs due to single photon absorption one has to ensure that the emission is not due to the absorption of two uncorrelated photons. It is customary to refer to these events as "random" coincidences while the events of interest are termed "true" coincidences. Regardless as to whether a continuous or pulsed source is used the probability that two photons are within the coincidence window is determined by the Poisson statistics. The primary flux determines the probability of finding two photons within the coincidence window. This probability scales quadratically with the flux, while the "true" coincidences scale linearly. Therefore one is forced to operate with a strongly reduced flux. Roughly speaking we need to throttle the incoming flux of a standard VUV source by more than three orders of magnitude making pair emission spectroscopy a time consuming endeavor.
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Figure 1 Schematic view of the coincidence spectrometer. Key components are two hemispherical electron spectrometer. The photon beam can be replaced by a low energy ion source or positron source. The spectrometer axes include an angle of 9 0 . More details can be found in the literature. [35] [36] [37] [38] The main experimental work was carried out by using a coincidence spectrometer described in detail elsewhere, see Figure 1 . [35, 36] The key components are a pair of hemispherical analyzers with 200 mm mean radius which we call "left" and "right", respectively. They are equipped with multichannel plate (MCP) detectors in which the impact position is determined by resisitive anodes. For this instrument we have established a procedure which removes the "random" contribution from the measured spectrum. This yields the contribution of the "true" events, we want to call "pair" intensity in the following. As excitation sources an electron gun and a laboratory VUV source with monochromator were available. In order to perform experiments with primary positrons we developed a low energy positron beam which is based on the Na22 isotope. [37, 38] A modified sputter ion gun allowed the excitation of the surface with low energy . The photon energy is 40.8 eV. [46] As outlined in the DPE processes (DPE1-DPE4) the intensity depends strongly on electron-electron interaction strength. A more quantitative statement can be made when employing the Hubbard model with the electron-electron strength U. Ref. [48] identifies the experimental conditions under which the DPE intensity indeed scales with U. Generally, the Hubbard model and the U parameter for the electron-electron interaction is a mere theoretical model that needs to be adjusted to material specific predictions. On the other hand, studies over the years identified the class of materials which can be called strongly correlated. Thus, one may attempt to compare the two-electron yield from such correlated materials with those which are less correlated. In Figure 2 we present a typical 2D-Energy spectrum from a Ag(100) surface while the photon energy was set Accepted Article
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Accepted Article we want to call "pair" intensity in the following. laboratory VUV source with monochromator were available. In order to perform experiments with Accepted Article laboratory VUV source with monochromator were available. In order to perform experiments with primary positrons we deve Accepted Article primary positrons we deve isotope. [37, 38] A modified sputter ion gun allowed the excitation of the surface with low energy Accepted Article isotope. [37, 38] A modified sputter ion gun allowed the excitation of the surface with low energy Although we explored a symmetric emission geometry, see Figure 1 , the 2D-Energy plot is slightly asymmetric despite the fact that the emission geometry is symmetric. This is caused by some misallignment of the transfer lenses of the spectrometer. The 2D-Energy spectrum does not exhibit any sharp features which to some extent is a consequence of the selected energy resolution. We will show below that the Ag(100) surface does display sharp features. [45] In this section the integrated intensity within the 2D-Energy window is of interest. Therefore trading in intensity on the expense of energy resolution was warranted. For each material only a measurement time of 1h was required to determine the count rates with sufficient accuracy. The data were obtained in several experimental runs. Upon start-up of the instrument we noticed daily variations of the rates from the Ag(100) surface. These variations were on the scale of % 1 0 . We therefore normalized the rates of the various materials with the rates of the Ag surface at each day. These normalized rates were scaled with the average rates of Ag from the different measurement days. as explained in the text. [46] In Figure 3 a) we summarize the result for the DPE intensity as a function of the singles rate. The lowest singles rate was observed for V which is roughly a factor of 3 smaller those for NiO. At the same time we note that the coincidence rate for NiO is a factor of 8 larger than the value for V. Without the data points of the ferromagnets an almost monotonic variation of the coincidence rate as a function of the 'singles' rate can be seen. The transition metal oxides NiO and CoO display the highest 'pair' rate, this supports the theoretical prediction that the pair emission rate scales with the electron correlation strength. [48] We also investigated a KCl single crystal surface. We ensured the same kinematics by increasing the photon energy to 48.4 eV. This takes into account the different work functions for Ag and KCl. Additionally we changed slightly the spectrometer settings in order to include essential parts of the energy spectrum. KCl is an insulator like NiO or CoO, but does not possess the intensity level of these oxides. Obviously the reasoning of an increased mean free path in insulators which in turn increases the number of layers probed in a DPE experiment does not hold. The higher intensity level of NiO and CoO is a reflection of the stronger electron correlation Accepted Article any sharp features which to some extent is a consequence of the selected energy resolution. We will Accepted Article any sharp features which to some extent is a consequence of the selected energy resolution. We will show below that the Ag(100) surface does display sharp features. [45] In this section the integrated
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A closer look at the ferromagnetic samples reveals that one measures about 6 5 % of the Ag 'singles' rate, but up to a factor 1.5 higher 'pair' rate. This means that the ratio of the 'pair' rate to the 'singles' rate is significantly higher than for Ag. We make the following definitions. The probability for one electron to be emitted within a solid angle interval ranging from  to includes also electron pair excitation, but the second electron is not emitted. In our previous measurements we have identified a distinct angular dependence of the coincidence intensity. Therefore the terms 1 P and 2 P are angle dependent. The angular range covered by the instrument used here allows to use an angular averaged value. [46] In the following 1 P and 2 P are constants.For the probability s to detect one electron we can write:
The factor of 2 in front of the term 2 P takes into account that the second (but undetected electron) is emitted somewhere within the half sphere. The probability t to detect an electron pair with two identical spectrometer is: (1). The factor 2  takes into account that the second (undetected) electron is emitted somewhere in the half space. The ratio / s p is identical to the experimental count rates for of 'singles' and 'pair' events. For a Ag(100) surface this ratio is 2400, while the solid angle of our spectrometer is about 1 % of 2 . Therefore the denominator can be approximated by the first term. This means the ratio of 'pair' to the 'singles' rate determines the fraction of the pairs to the 'singles' spectrum. In the evaluation we have used the correct term as plotted in Figure 3 b ). Clearly the curve resembles Figure 3 a) in the shape, but demonstrates the interesting point that 5 % 1 5  of the 'singles' emission is due to pairs. This means that DPE at surfaces is a rather efficient process. In the presentation of Figure 3 b) the signal levels of the ferromagnets Fe,Co and Ni are significantly higher than Ag. This is a reasonable result because ferromagnetism is a manifestation of electron correlation. This suggest that the term 2 1 2 / P P  may be better suited for the quantification of the correlation strength.
We have performed the equivalent study via (e,2e) together with the DPE measurement in an interleaved mode. [46] Again the material with the highest coincidence count rate is NiO which is about a factor of 15 larger than for Cu which has the lowest coincidence rate. At the same time the singles rate for NiO is a factor of 3.5 larger than for Cu. Similar to the DPE data we notice an almost monotonic relation between the coincidence and singles rate. Evaluating the term 2 1 2 / P P  for NiO reveals a value of 4 0 % . Also in (e,2e) the emitted pairs make a substantial contribution to the singles rate. The measurements were performed at room temperature. The ordering temperature of the ferromagnetic and antiferromagnetic samples was well above the measurement temperature except for CoO films. From our previous studies we have determined that measurements above and below the Neel temperature of NiO and CoO films display the same singles and pair count rate. [46, 47] This means that our type of spectroscopy is not sensitive to long-range order, but is determined by the local correlation.
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The exchange-correlation hole, discussed above has indeed been experimentally observed. [25, 49] Using spin-resolved (e,2e) from ferromagnetic sample it is possible to study exchange effects. [50, 51] As eluded to in the beginning one can switch off completely exchange effects during scattering by employing positron impact. [52, 53] This pair emission due to the impact of a primary positron beam is termed (p,ep).
We established the existence of a finite (p,ep) intensity by using a positron beamline at the research reactor FRM-2. [35] This warranted the development of a laboratory positron beam as described elsewhere. [37, 38] This facility has an intensity of about 4 0 0 0 0 e /s  which is roughly two orders of magnitude below the value before "random" coincidences become dominant. Therefore we operated the spectrometer with the largest entrance slits in order to obtain reasonable count rates. The consequence was an energy resolution of 5.1 eV per spectrometer. [39] In Figure 4 we highlight the geometry of the experiment. The primary positron beam and the electron-optical axes of the spectrometer define a scattering plane. The surface normal is within this plane and points towards the positron beam. The spectrometer are symmetrically arranged with respect to the surface normal. In the following we want to call one of them "left" while the other is labeled "right". Reversing the polarity of the voltages applied to the electron-optical components of one spectrometer allows the detection of positrons with this spectrometer, while the other will record electrons. [37] Let us assume that we want to record electron pairs due to primary electron excitation using the symmetric arrangement of Figure 4 . We further assume that the energies of the outgoing electrons 1 E and 2 E are different. The chances of the electron with energy 1 E to be detected by the "left" spectrometer is equal to the detection at "right". This is an immediate consequence of the non-distinguishability of electrons. The detection of a positron-electron pair will break the symmetry and therefore we expect an asymmetry in the energy distributions. The question which arises is then how much is the asymmetry and how it is affected by the actual material. We start with the example of a Ag(100) surface which was excited by a primary beam with 42 eV. The resulting 2D-Energy spectra are plotted in Figure 5 .
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In Figure 4 we highlight the geometry of the experiment. The primary positron beam and the optical axes of the spectrometer define a scattering plane. The surface normal is Accepted Article optical axes of the spectrometer define a scattering plane. The surface normal is plane and points towards the positron beam. The spectrometer are symmetrically arranged with Accepted Article plane and points towards the positron beam. The spectrometer are symmetrically arranged with respect to the surface normal. In the following we want to call one of them "left" while the other is Accepted Article respect to the surface normal. In the following we want to call one of them "left" while the other is labeled "right". Reversing the polarity of the vo Accepted Article The insets indicate which of the particles is detected by the respective spectrometer. The x-axis in both plots refers to the energy measured by the "right" spectrometer. In panel a) the "left" spectrometer was tuned to positron detection while in b) it is the "right" spectrometer. The insets highlight the chosen polarity of the spectrometer. The x-axis in both cases is the energy scale mapped by the "right" spectrometer, while the y-axis is the energy of the particles detected with the "left" spectrometer.
The solid diagonal line in both plots marks the position of the maximum sum energy m a x s u m E which is given by the primary positron energy minus the (electron) work function. There is some tailing of intensity above this line which is due to the degraded energy resolution. Most of the intensity is found within a triangular shaped region near the lower left hand corner. This is caused by further collisions of the positron-electron pairs. The energy loss incurred in these processes can be sufficient to cause the emission of a second electron. We are unable to detect the emission of two electrons and a positron, but we observed electron pairs due to positron impact. [39] This strongly suggests the existence of triple emission. This effect is not part of the theory of (p,ep). If we want to invoke the symmetry of the detection geometry one has to exclude the contribution of these events. This can be facilitated via an appropriate selection of the sum energy. The pair of dashed lines indicate the range considered for the computation of the energy sharing curves, see below. Even without the sharing curves an asymmetry is immediately noticable in Figure 5 a) if we focus on the region marked by the dashed lines. Within this region the intensity is higher in the upper left-hand region compared to the lower right-hand part. We changed the polarities of the spectrometers and observe in Figure 5 b) that the region of higher intensity is now in the lower right-hand corner. This rules out an instrumental asymmetry as the major cause. A control experiment with an electron gun in a symmetric geoemtry shows that the resulting (e,2e) sharing curve is essentially symmetric. [37] Accepted Article Accepted Article axis in both plots refers to the energy measured by the "right" spectrometer. panel a) the "left" spectrometer was tuned to positron detection while in b) it is the "right" Accepted Article panel a) the "left" spectrometer was tuned to positron detection while in b) it is the "right" spectrometer.
Accepted Article spectrometer. The insets highlight the chosen polarity of the spectrometer. The x
The insets highlight the chosen polarity of the spectrometer. The x scale mapped by the "right" spectrometer, Accepted Article scale mapped by the "right" spectrometer, with the "left" spectrometer.
with the "left" spectrometer.
The solid diagonal line in both plots marks the position of the maximum sum energy
The solid diagonal line in both plots marks the position of the maximum sum energy which is given by the primary positron energy minus the (e Accepted Article which is given by the primary positron energy minus the (e tailing of intensity above this line which is due to the degraded energy resolution. Most of the Accepted Article tailing of intensity above this line which is due to the degraded energy resolution. Most of the intensity is found within a triangular shaped region near the lower left hand corner. This is caused Accepted Article intensity is found within a triangular shaped region near the lower left hand corner. This is caused by further collision , see Figure 6 . If one reverses the polarity of the spectrometers the intensity maximum moves from the right to the left. In Figure 6 a) most of the intensity is found for positive x-values. This means that on average the positron has a higher fraction of the available energy. The intensity maxima of the two (p,ep) sharing curves are observed if the positron has 10 eV more energy than the electron. The intensity has the lowest value if the electron has a 20 eV higher energy than the positron. The intensity ratio between these two levels is roughly 4. We tested the generality of these observations and prepared single crystalline NiO, Pd and Fe films. Additionally, we prepared polycrystalline Co, Ni and Fe films. We have included the data of Co and NiO in Figure 6 . For the purpose of comparison we scaled the intensity of the Co and NiO data such that they line up for equal energy sharing with the Ag data. An effective single particle picture works well to describe the material properties of Ag. Co and NiO both display long range order, this is a manifestation of electron correlation via the exchange interaction. NiO is an insulator, a property decisively determined by the electron correlation. Despite these differences in the material properties and crystalline order the amount of the asymmetry in the sharing curves varies only slightly between the materials. Common to these samples is that on average the positron carries more energy than the electron. Although the sharing curves closely resemble each other the actual coincidence count rates differ strongly between these materials as seen in (e,2e) and DPE experiments. [46, 54] Our observations were not a priori expected. Theoretical (p,ep) calculations suggest that depending on the valence state involved either the electron or the positron is the more energetic particle. [52, 53] Details of the valence band structure determine the outcome, but no simple argument can be put forward. For a qualitative understanding we developed a simplified scattering model. We reduced the problem to a two-particle model. [37] The interaction between positron and electron is mediated by a screened Coulomb interaction as it is in the current (e,2e) and (p,ep) theory. As screening length we adopted a value of 2Å consistent with what is being used in actual calculations. The primary energy was set to 30 eV and we determined the scattering amplitude f ( )  within the 1st Born approximation. We obtained a sharing curve presented in Figure 7 . Despite its simplicity it captures the essential feature that on average the positron has a higher kinetic energy compared to the electron. During the coincidence measurements three different rates are measured by the electronics. These are the singles rate of the "left" and "right" spectrometer. Additionally there is the "pair" rate. With the additional knowledge of the primary positron flux we normalize the actual rates. With this analysis we present the material dependent intensities in Figure 8 . All measurements were performed with a primary energy of 42 eV. The data are the average of two measurements in which either the left or right spectrometer was tuned for positron detection. In this figure we plot the coincidence rate versus the electron count rate (red data points) and the positron count rate (blue data points). It is clear that the coincidence rate for NiO is by a factor 2-3 larger than those from the metal samples. We also note an almost monotonic relation between the coincidence and singles rate. This resembles the result for DPE presented in Figure 3 a) .
While the singles rate varies by factor of 1.9 the coincidence rate scales by a factor of 1.5. For a given material the electron singles rate is a factor of 2-3 larger than the corresponding positron rate. One can understand this in a simple picture. A primary positron can create secondary electrons as primary electron, the actual secondary yields are comparable. However, secondary positrons can not be emitted, because the chance for two or more positrons to be present in the sample is essentially zero.
Ultrafast Auger decay
The absorption of a photon can lead to the emission of an electron pair. We have termed this process DPE. It is worthwhile to discuss the simplest case which is the He atom. In order to create a 2 H e  ion the photon energy has to be larger than 79.01 eV. The energy above this value defines the energy sum of the pair which is shared continuously between those electrons. This leads to the schematic 2D-Energy distribution labelled one-step in Figure 9 b ).
If a photon is absorbed by a core-level electron it may be emitted which provides an important tool for the chemical analysis of surfaces via XPS (X-ray photoemission spectroscopy), because the kinetic energy is element specific. The rearrangement of charges leading to the filling of the core-hole causes the emission of Auger electrons whose kinetic energy is also element-specific. These two steps are usually considered to occur sequentially. Therefore we expect an energy distrubtion with intensity regions parallel the x-and y-axis as depicted in Figure 9 a).
Figure 9
Schematic 2D-Energy for a two-step and one-step absorption process.
Let us consider the Auger decay of a Ag(100) surface. We will focus on the excitation of two different core levels. The subsequent Auger electron emission is due to the rearrangement of valence electrons. We used the instrument introduced in Figure 1 and utilized synchcrotron radiation. More experimental details can be found elsewhere. [55, 56] In Figure 10 show The key feature is a strong intensity residing within region II, but is along a diagonal direction. This is the outcome sketched in Figure 9 b). This means the 4 p decay does not proceed within a two-step process but is of an one-step type.
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Energy for a two Let us consider the Auger decay of a Ag(100) surface. We will focus on the excitation of Figure 12 b ). These events are at odds with a sequential emission. The intensity is highest if both electrons have an energy at the lower part of the detection window. The intensity gradually decreases if one moves closer to the dashed diagonal line. However, a cut-off value where the intensity drops sharply can not be identified. [42] A closer look at the intensity levels of Figure12 a) reveals that outside the L-shaped region only 2 % of the total intensity is found. With this information we propose a simple picture to estimate the time scale  for the correlated electron emission. The two neutralization steps occur on average within a time a v g t and we assume that they proceed independently. The small intensity contribution outside the L-shaped region indicates that a v g t   . The probability for the two neutralization steps to occur within a time interval  is then given by the Poison distribution ( / ) / . We adopt for a v g t values in the range 2-20 fs on the basis of neutralization rate [67] [68] [69] This finally yields = 40 400   as. Hence, two formally independent neutralization steps occurring within an interval shorter than  are recognized as a single excitation for electron pair emission.
Figure 13
In (a) a core hole is filled by an electron and pair emission called Double Auger decay takes place. [71] In the three-electron Auger (b) a double vacancy is filled by an electron pair, the gained energy is transferred to a third electron. [72, 73] In (c) an electron pair of the metal fills the double vacancy and an electron pair from the metal is emitted.
We propose a simple picture which explains the one-step process. If a core vacancy is filled by an electron, the available energy can be transferred not one but two electrons, see Figure 12 (a). This Double Auger Decay has been observed in coincidence spectroscopy from Ar. [71] A three-electron process takes place if a double core hole is filled by an electron. The available energy is then transferred to a third electron which is emitted, see Figure 12 (b) . This leads to a kinetic energy which is roughly twice the regular Auger energy. This process was observed in C and N-ion collisions with Ni surfaces and carbon foils. [72, 73] Let us combine these pathways as depcited in Figure 12 (c). Upon approaching the surface the double vacancy of the 2 H e  ion is filled by two electrons reminiscent to the three-electron Auger. The key difference is that these electrons do not originate from higher lying orbitals of the atom, but come from the surface. The energy gain is transferred to an electron pair of the surface which is emitted. This view is further corroborated by a recent work in which the electron capture for 2 H e  ions into excited states proceeds in a single step. [41] Extending this picture of a correlated double electron capture, we observe here a single step of an electron pair from the metal into the groundstate of the He atom.
Figure 14
Sum energy spectra from a Ag(100) surface with a photon energy of 32.3 (25.1) eV for the empty (solid) symbols. [45] The black dashed curve is the self-convolution of the density-of-states (SCDOS).
Band-resolved Double Photoemission
Double photoemission experiments without synchrotron radiation are possible with standard laboratory sources. Unfortunately these limit the available photon energies to a few lines. An alternative path employs the high harmonic generation of noble gases. We have developed such a light source with the required high repetition rate in the MHz range. [43] This provides lines covering 20-40 eV photon energy and this source has been adapted to a set-up incorporating two time-of-flight spectrometer. [44] The overall geometry is identical to the instrument depicted in Figure 1 .
The improved energy resolution compared to the studies discussed above is manifested in a sum energy spectrum which displays fine structure, see Figure 13 . [45] In this experiment the photon energies were 32.3 and 25.1 eV, respectively.
The dashed black curve is the self-convolution (SCDOS) of the density-of-states. Since two electrons are removed from the valence band it is appropriate to compare the spectrum with the SCDOS curve. A thorough theoretical analysis and full numerical simulation for the case when two-electron emission originate from sp sp  , s p d  , or d d  type states has be presented in Ref. [74] . The experimental results which are in line with Ref. [74] exhibit significantly higher intensity in the s p d  region compared to the SCDOS. This reveals band resolved configurations of electron pairs and the need to use a band-dependent formulation of electron correlation. The new experimental facility with improved energy resolution will also provide an additional approach to study the correlated electron emission dynamics. We have shown that the intrinsically fast Auger-type transitions allow to make statements about the time scale of correlated electron dynamics. In particular the pair emission due to the neutralization of a 2 H e  ion. The two neutralization steps could be compared with a pump-probe experiment. The time delay was statistical in nature and can not be adjusted experimentally. The use of a HHG source offers the control of the delay between say an infra-red pump pulse and the VUV light. In this way the time-scale of correlated electron dynamics can be studied.
Summary
Starting from a general overview on the dominant mechanisms that lead to two time-correlated vacuum electrons upon the impact of a single photon or a single charged particle impact, we provided several typical example on the measured spectra and how one can access the strength of the electron-electron interaction and separate the role of exchange. We also discussed Auger processes and how to possibly access the time scale of the emission process. In this regard not much has been done yet both experimentally and theoretically. So far the time resolution of our experiments has been way below the femto to attosecond time scale of the involved electronic processes. Theoretically, all theories so far in this area were formulated in the standing flux scheme leading to stationary theory. In recent years however there has been a remarkable advance is producing femtosecond electron bunches but the coincidence electronic and the repetition rate of the bunches are still a challenge. From a conceptional point of view one may state that the two-particle correlation is not simply a constant (such as U) but it has an internal structure, as shown by the two-particle energy and momentum spectra. While these observations are made at higher energies and are relevant to the particle-particle and hole-hole channel, it is conceivable that this general behavior is maintained at lower energies down to the particle-hole regime, where indeed it has been shown that in numerous cases higher orders in the electron-electron multiple scattering are needed, for example to account for excitonic effects.
